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Extensive research has been done on rubber-modified asphalt due to its distinct 
performance benefits, resulting in advancements in the existing rubber modifier technologies. This 
study focusses on two such new rubber-modifier technologies- an Engineered Crumb Rubber 
(ECR), and a terminal-blend Rubber Modified Asphalt (RMA) product containing ground tire 
rubber (GTR) and a common elastomeric polymer, tested alongside  a mature terminal-blend GTR  
product commonly used in Chicago and surrounding areas. The study investigates the low-
temperature performance of the mixtures and their durability in terms of permanent deformation. 
Further, the study examined the effect of softer virgin binder and an increased amount of recycled 
asphalt shingles (RAS) on mix performance. The products were incorporated into Illinois 
Tollway’s approved Stone Matrix Asphalt (SMA) Surface Friction Warm Mix Asphalt designs 
using a base binder (PG 58-28), a softer binder (PG 46-34), and softer binder with increased asphalt 
binder replacement (ABR) percentage (PG 46-34 with high ABR).  
A suite of tests was conducted on plant-compacted gyratories and field cores, namely, 
Disk-Shaped Compact Tension (DC(T)) test, DC(T) Creep Compliance test, Acoustic Emission 
(AE) test, and Hamburg Wheel Tracking Test. Further, DC(T)-Hamburg results were plotted on 
Performance-Space Diagram to obtain a holistic view of mixture performance. Finally, the 
mixtures were modeled in Illi-TC, a thermal cracking simulation tool developed at UIUC. The key 
findings suggested that the mixtures would perform well in cold climates, owing to high fracture 
energy and high compliance. Rutting resistance of the mixtures was also observed to be very high. 
Performance-Space diagram plots suggest that higher amounts of recycled content can be 
successfully used if a suitably soft base binder was employed. In addition, the alignment of the 
data on a relatively straight line on the Hamburg-DC(T) plot demonstrated a significant advantage 
of pairing the Hamburg with the DC(T) as bookend performance tests. The master curves from the 
DC(T) Creep Compliance test was very smooth, and the expected trends were observed, namely, 
change to a softer binder led to more compliant mixes and the addition of more recycled content 
to the softer binder led to the stiffer mixture. The embrittlement temperatures, obtained from AE 
tests, supported the findings from DC(T) fracture energy tests in most cases. Finally, Illi-TC 













To my Mother, Father, and Sister – the most important people in my life. 
To my friends and colleagues, my extended family. 

















A lot of people have helped me throughout the completion of this study. First and foremost, 
I would like to thank my advisers, Dr. William G. Buttlar and Dr. H. Reis for their complete 
support and valuable guidance. Secondly, I am grateful beyond words to Dr. Brian C. Hill, Ms. He 
Wang, and Dr. Behzad Behnia for teaching me the ropes of research studies. I am filled with 
gratitude for STATE Testing Laboratory, East Dundee, for their help in this study. I am also 
thankful to Mr. John F. Conway II, Mr. Josh Love, and Mr. Lihui Sun for bearing me in the 
laboratory. Further, I am very appreciative of Mr. Jim Meister, Mr. Behnam K. Jahangiri and Mr. 
Hamed Majidifard for their willingness to bounce off ridiculous research ideas on the telephone. I 
am grateful to all my professors in graduate as well as undergraduate college for being excellent 
















T A B L E  O F  C O N T E N T S  
CHAPTER 1: INTRODUCTION ................................................................................................ 1 
1.1. Overview of Asphalt Pavements in the US ...................................................................... 1 
1.2. Recycled Asphalt Pavement/Shingles (RAP/RAS).......................................................... 1 
1.3. Warm Mix Asphalt (WMA) ............................................................................................. 3 
1.4. Ground Tire Rubber (GTR).............................................................................................. 4 
1.5. Problem Statement ........................................................................................................... 5 
1.6. Scope of the Study............................................................................................................ 6 
CHAPTER 2: LITERATURE REVIEW ................................................................................... 7 
CHAPTER 3: PROJECT DESCRIPTION .............................................................................. 12 
CHAPTER 4: EXPERIMENTAL METHODOLOGY ........................................................... 16 
4.1. Disk-Shaped Compact Tension Test (DC(T)) .................................................................... 17 
4.2. DC(T) Creep Test ............................................................................................................... 21 
4.3. Hamburg Wheel Tracking Test .......................................................................................... 22 
4.4. Acoustic Emission Test ...................................................................................................... 23 
4.5. Performance-Space Diagram.............................................................................................. 24 
4.6. Illi-TC Modeling ................................................................................................................ 25 
CHAPTER 5: RESULTS AND DISCUSSION ........................................................................ 27 
5.1. DC(T) Fracture Test Results .............................................................................................. 27 
5.2. DC(T) Creep Test Results .................................................................................................. 32 
5.3. Hamburg Wheel Tracking Test Results ............................................................................. 45 
5.4. Acoustic Emission Test Results ......................................................................................... 46 
5.5. Performance-Space Diagram Plots..................................................................................... 49 
5.6. Illi-TC Modeling Results ................................................................................................... 51 
CHAPTER 6: CONCLUDING REMARKS ............................................................................ 54 
CHAPTER 7: FUTURE WORK ............................................................................................... 57 
REFERENCES ............................................................................................................................ 58 




CHAPTER 1: INTRODUCTION 
1.1. Overview of Asphalt Pavements in the US 
The environmental impact of human activities has been a topic of great importance in the 
last few decades. Addressing these concerns, most of the industries have moved towards the 
direction of adopting and implementing more sustainable practices. Asphalt pavement industry has 
followed a similar suit by means of introducing new design methods, adopting better and novel 
technologies, and through advocating the increased use of recycling materials in paving.  
More than 90% of roads in the United States are surfaced with asphalt and many of the 2.7 
million miles of paved roads are full-depth asphalt pavements. There are about 3,500 asphalt plants 
in the US that produce about 400 million tons of asphalt mixtures annually (1, 2). The production 
of asphalt involves a major expenditure of natural resources and release of emissions (3). In light 
of this, a good step towards achieving sustainability in the industry is the ability to incorporate 
recycled material in asphalt mixtures. Doing so not only has economic benefits through 
minimizing the production of new asphalt and aggregate and by limiting recycled material 
landfilling, but the strategic use of certain recycled materials has been found to enhance the 
performance of asphalt mixtures, as has been reported in many studies about usage of Recycled 
Asphalt Pavement (RAP), Recycled Asphalt Shingles (RAS), and Ground Tire Rubber (GTR) (4–
9). 
1.2. Recycled Asphalt Pavement/Shingles (RAP/RAS) 
Recycled Asphalt Pavement (RAP) is obtained from the demolition of old asphalt 
pavements. Large pavement chunks are crushed, milled and sieved to different size stockpiles to 
produce fractionated RAP. The asphalt content in RAP depends on many variables such as the age 
of the pavement, original mix design, equipment used to demolish, and so on. The major grounds 
of an increase in the use of RAP over the years is its economic benefits and its contribution towards 
sustainability in pavement construction. The National Asphalt Pavement Association (NAPA) 
tracks and reports the usage of RAP and RAS in the US states. In 2009, 23 states reported that less 
than 15% of total production of asphalt mixtures used RAP in it. Three years later, in 2012, the 
number reduced to only 12 states (Fig. 1) (10). Willis et al. calculated the material cost savings 
with varying amount of RAP in asphalt mixtures. The authors reported 15-20% cost savings when 
30% RAP was used and 31-35% cost savings when 50% RAP was used (11). Performance-wise, 
2 
 
RAP is a stiff material due to oxidative hardening and could potentially cause rutting in the 
pavement. Many researchers have reported an increase in rutting with an increase in usage of RAP 
(7, 12, 13). State agencies usually limit the usage of RAP in the asphalt mixtures. However, 
NCHRP Synthesis 495 includes results of Long-Term Pavement Performance (LTPP) SPS-5 
sections which show that sections having RAP up to 30% and sections with no RAP perform 
similar almost half of the time(10).  
 
Figure 1. Comparison of RAP usage in US states between 2009 and 2012 (14) 
A Recycled Asphalt Shingles (RAS) product is obtained by recycling asphalt-type roofing 
shingles. In addition to post-manufactured shingle waste, post-consumer shingles are readily 
available in some regions of the US.  In the latter case, the shingles are torn off and hauled to a 
recycling facility where they are inspected to eliminate the handling of asbestos, although very 
rarely present, removed of debris, crushed, milled and sieved to remove hard over-sized pieces. 
RAS was used in 1.9 million tons of asphalt mixtures in the year 2012. Compared to RAP, the 
roofing shingles have significantly higher asphalt content (approximately 24-30% for RAS as 
compared to 4-5% for RAP), significantly different  asphalt properties (generally much harder), 




Figure 2. RAS usage between 2009 and 2012 in the US (14) 
 
1.3. Warm Mix Asphalt (WMA) 
While recycled content is an excellent way to incorporate sustainable means in pavement 
construction, asphalt mixture production technologies have also been improved to become more 
sustainable by limiting the amount of energy used in the production phase, and consequently 
limiting the emissions from the process. An example of this is the production of Warm Mix Asphalt 
(WMA) which is produced at a lower temperature than the conventional Hot Mix Asphalt (HMA), 
resulting in reduced emissions, and reduced fuel usage (Fig. 3) (16). Typically, WMA mixtures 
are produced at 20oC to 55oC lower than Hot Mix Asphalt (HMA) mixtures. WMA additives 
achieve this by reducing the viscosity of the asphalt binder at lower temperatures, thus increasing 
its workability. Typically, WMA additives are divided into four groups- organic additives, foaming 
processes and additives, chemical additives, and hybrid processes. Organic additives add wax to 
the asphalt mixtures. As the temperature approaches the melting point of the wax, which is below 
the mixing temperature of the mixture, the wax melts and decreases the viscosity. This allows 
better mixing at high temperatures and more stability once the mixture is cooled down. Chemical 
additives usually contain emulsifying agents to improve the bonding and workability of the asphalt 
mixture. In foaming process, a small amount of water is injected in asphalt binder to temporarily 
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reduce the viscosity and increase the workability of the mix. Hybrid processes use more than one 
technologies in tandem (16, 17). Other potential benefits of WMA technology is cold-weather 
paving and ability to be hauled long distances before being placed in the pavement. A smaller 
temperature differential with surroundings results in a slower rate of cooling. Further, WMA is 
also better for the working conditions due to its lower temperature requirements and fewer 
emissions (18). 
 
Figure 3. Temperature range and energy consumption of WMA (Source: EAPA website) 
 
1.4. Ground Tire Rubber (GTR) 
Apart from adding recycled pavement in new pavement construction, there are a variety of 
other waste products that are processed and added in new pavement constructions. Among the 
more popular by-products or waste product additives to pavements are Ground Tire Rubber (GTR), 
fly ash, recycled concrete aggregates, plastic wastes, steel slag, and foundry sand (19). Usage of 
GTR in asphalt mixtures was a result of the need to dispose of scrap rubber tires. GTR (also known 
as Crumb Rubber Modifier (CRM)) is finely ground recycled tire rubber particles. Earlier use of 
GTR met with failures due to faulty mix designs. Coarser rubber particles were added as aggregates 
that led to early segregation, leading to early cracking of pavements. Later, after switching to finer 
size rubber particles, the pavement performance improved and was comparable to the conventional 
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pavements. In 1991, with the introduction of Intermodal Surface Transportation Efficiency Act 
(ISTEA), the use of GTR in pavement construction was mandated by the FHWA (20, 21). But, 
once again, the absence of standards and lack of contractor experience in using GTR resulted in 
poor performance of the GTR-modified road sections. However, with further research, there was 
a lot of evidence of GTR enhancing the mixture performance. Key findings from studies indicated 
that GTR increased the rutting resistance of the roads and curbed the cracking potential of the 
mixtures (8).  
 
Figure 4. State DOTs that use GTR in asphalt mixtures (22)  
 
1.5. Problem Statement 
GTR has been proven to have increased the performance of asphalt pavement in terms of 
thermal cracking, rutting, and fatigue cracking. Using GTR with RAP/RAS could possibly offset 
the stiffness that RAP/RAS impart to the mixture. However, the use of GTR still poses a few 
problems for contractors, like, difficulty in mixing and compaction, drain-down effect, and so on. 




This thesis looks into the performance characteristics of two novel rubber modifier 
technologies in asphalt mixtures, namely Elastiko (ECR) and Evoflex (RMA). Elastiko is an 
engineered crumb rubber that could be added to the mixture from the RAP collar. Evoflex is a 
mixture of SBS and GTR, chemically treated and packed in a standard-sized pellet. The Illinois 
Tollway constructed test sections using these new products and the study aims at characterizing 
their performance in laboratory. The test suite designed focusses on low-temperature cracking 
(DC(T) fracture, Acoustic Emission, DC(T) Creep) and rutting (Hamburg Wheel Tracking). The 
following section provides a brief review of the pertinent literature. 
1.6. Scope of the Study 
A comprehensive literature review of GTR in asphalt pavements was completed to 
establish a baseline for the expected trends from the tests to be performed on the rubber-modified 
specimens. Following this, field cores and plant-compacted gyratories were obtained. A test suite 
was designed to estimate the low-temperature fracture energy of the specimens, the creep 
compliance master curves, the rutting susceptibility, and the embrittlement temperature. Further, 
rut depth and fracture energy were plotted on Performance-Space Diagram, and the mixtures were 















CHAPTER 2: LITERATURE REVIEW 
In 1960’s Charles H. McDonald formulated a technique to obtain rubber from scrap tires 
in Arizona (21) and demonstrated that asphalt mixed with rubber in the heating process increases 
the binder flexibility. This method not only resulted in a possibility of better pavements but also 
solved the serious environmental threat of scrap tire disposal. Further research in this area enabled 
the paving companies and researchers to come up with suitable techniques to incorporate the 
recycled scrap tires in the asphalt mix. Following this, its use dramatically increased from 11% in 
1990 to 80% in 2003 (24).  
Asphalt Rubber is defined by ASTM as a blend of asphalt cement, reclaimed tire rubber, 
and certain additives in which rubber component is at least 15% by weight of the total blend and 
has reacted in the hot asphalt cement sufficiently to cause swelling of the rubber particles. For 
rubberized asphalt, the content is up to 15% instead of at least 15% (21). The first step of using 
GTR in pavements is to process tires. Tires are chiefly composed of steel, fiber, carbon black, and 
rubber. The percentages of the tire components might vary depending on whether it is a passenger 
car tire or a truck tire. The steel and fiber are first removed from the tires. The remaining tire is 
reduced to small pieces to be blended with asphalt binder or mixture. The shredded rubber particles 
can be obtained through two processes – ambient grinding or cryogenic fracture.  
Cryogenic fracture process involves cutting the rubber tire into small particles, 50mm size, 
using steel cutters. The cut rubber pieces are frozen and then fractured resulting in rubber particles 
varying in sizes. The ambient grinding process is similar except that the small rubber particles are 
passed through shredders to be ground and torn instead of being frozen and fractured. Ambient 
grinding process results in rubber particles that have rough surface texture and more surface area. 
The cryogenic process generally produces rubber particles that are cubical in shape and are 
smoother (20).  
Once the GTR particles are obtained, the next step is to blend them into asphalt binders or 
mixtures. There are two main processes to do the same – dry process and wet process. Dry process 
involves adding the rubber particles as an aggregate (usually 1-3% of the fine aggregates are 
replaced) to the asphalt mixture. Usually, the larger rubber particles, between 4.75 mm (No. 4 
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sieve) to 9.5 mm, manufactured by cryogenic fracture method are blended in this process (20). 
Gap-graded and coarse-graded mixtures are preferred for modification by dry process.  The rubber 
particles are recommended to be blended with the aggregate before the mixture production. The 
addition of rubber in asphalt mixture as aggregates requires a higher production temperature for 
effective blending of the rubber particles. FHWA recommends the mixture production temperature 
of 149oC to 177oC (300oF to 350oF) (25, 26). Further, additional binder content is required for 
both, dry and wet processes, as compared to the conventional asphalt mixtures.  
The main advantages of the dry process are the possibility of large amount of rubber being 
used in the mixture production (27) and that it is relatively cheaper for the contractors (28). Cao et 
al. used dry process to manufacture rubber-modified asphalt mixtures in the lab and tested their 
performance. The author conducted rutting and indirect tensile test on rubber-modified asphalt 
mixtures using dry process. The findings suggested that addition of rubber led to decrease in the 
rutting potential and low-temperature cracking potential of the mixtures (29).  Navarro et al. 
conducted stiffness modulus and indirect tensile strength test on a dry-process GTR-modified mix 
while comparing the results with a conventional AC 22-S mixes (Quality Class-I Asphalt Concrete 
used for Surface Course with maximum size aggregate 22mm (30)), and a wet-process GTR-
modified asphalt mixture. The findings suggested that the dry-process GTR—modified asphalt 
mixture had a higher stiffness modulus than the other two mixture types. This indicated that the 
dry-process GTR-modified asphalt mixture would be less affected by the traffic loads. The authors 
reported stiffness modulus effect waned out as the environmental temperature was increased  (31). 
Singleton et al. studied the changes in residual binder with addition of crumb rubber particles in 
the asphalt mixture and found that the residual binder had increased stiffness and a lower phase 
angle (32).  
Researchers have reported that the main issue with the dry process GTR-modified asphalt 
mixtures is the lack of cohesion between the rubber and the asphalt (27). The large quantity of 
rubber used in dry process also leads to compaction problems. However, the large quantity of 
rubber used in the asphalt mixtures has also motivated researchers to find ways to make the dry 
process work better (33, 34) or find better guidelines to use the dry processed rubber in asphalt 
mixtures (29).  
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The wet process GTR modification involves mixing the tire rubber with binder in mixing 
tanks and allowing them to react for a set time (45 to 60 minutes) and a set temperature (175 to 
200oC (350 to 400oF)). GTR modified binder is formed when rubber absorbs asphalt binder and 
swells at a high temperature. The amount of swelling is dependent on the nature, temperature and 
viscosity of the base asphalt binder. This swelling of the crumb rubber is a diffusion process and 
increases the dimension of the rubber network until the concentration is uniform and equilibrium 
swelling is achieved (i.e. it forms a continuous phase after swelling to an appropriate amount) (8). 
Most of the crumb rubber produced today is a homogenous blend of different rubber polymers; 
hence, compatibility is primarily dependent on the properties of the asphalt binder rather than the 
composition of the GTR material (20, 35). The addition of rubber to form a continuous 
homogenous phase with binder increases the viscosity of the binder blend, making it stiffer and 
thus adding to the rutting resistance of the mix. At the same time, the softened rubber grains make 
the binder more flexible and increase resistance against various crack formations (36).  
Kim et al. evaluated high and ambient temperature performance of GTR-modified mixes 
made by the wet process as well as dry process, with different dosages of rubber. The authors 
found an improvement in performance for the GTR-modified mixtures when compared to the non-
modified mixtures. Tests were undertaken to calculate mixture properties such as Deformation 
Strength, Indirect Tensile Strength (ITS), Fatigue Resistance, and Tensile Strength Ratio.  It was 
found out that the mixtures manufactured through the wet process were stronger than the dry 
processed mixtures. The fatigue life for both the types showed no significant difference (34). Losa 
et al. also compared the mechanical properties of asphalt mixtures manufactured with the wet 
process and dry process. Both the mixtures were gap-graded and had similar amounts of rubber in 
them. The authors reported no significant difference in the ITS values for both types of mixtures, 
but there was an increase in the Stiffness Modulus for the wet processed mixtures, indicating a 
stronger mixture. Similar to findings of Kim et al., no significant difference was reported in fatigue 
life. Losa et al. also looked into the friction characteristics of the mixture along with the noise 
levels. The findings suggested a slight increase in the friction with the passage of time for the wet 
processed mixtures while the dry processed mixtures showed a slight reduction in friction levels 
with time. The wet processed mixtures also showed higher macrotexture than the dry processed 
mixture, highlighting a greater effect on reduction of tire-pavement noise (37). Wang et al. 
produced wet processed GTR-modified asphalt mixtures, further adding three types of Warm Mix 
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Asphalt (WMA) additives (Sasobit, RH, Advera) in the mixtures. The authors compared the high-
temperature properties for varying amounts of rubber dosages and with varying levels of aging 
(unaged and RTFO-aged). The findings suggested that for unaged specimens, Sasobit showed 
highest dynamic modulus, the Advera showed no significant effects compared to unmodified 
specimens, and the RH showed mixed results dependent on test temperature. The RTFO-aged 
specimens showed higher dynamic modulus than unaged specimens for Sasobit and RH. Advera, 
again, showed no significant changes. Phase angle calculations showed great variability, and the 
results were inconclusive (38).  
Studies have extensively underlined the advantages of using rubber in asphalt. Laboratory 
tests and field performance evaluation has revealed that asphalt rubber mixes show higher 
resistance to crack propagation when compared to other polymer-modified and conventional 
asphalt mixtures. The rubber mixtures also have higher fracture energy than conventional mixtures 
at low temperatures, indicating a higher resistance to thermal cracking. AR mixes are highly 
resistant to permanent deformation due to the elastic behavior of the rubber particles and also show 
better resistance to moisture-induced damage. The fatigue life of the rubber-modified asphalt 
mixtures is similar, if not better than, to the conventional asphalt mixtures (39–43). While the 
earliest use of rubber asphalt was as a chip seal, apart from surface courses, rubber-modified 
asphalt has also been used as an interlayer between pavement layers to prevent reflective cracking 
(44–48). Further, asphalt rubber applications are not limited to a single pavement layer either; 
rather, they have been used in multiple layers in a pavement system– such as in a leveling course, 
followed with a stress absorbing membrane interlayer, and finally, a surface course (49). Finally, 
GTR-modified asphalt has been used in conjunction with other modifiers in asphalt mixtures, such 
as WMA additives, recycled asphalt materials (RAP/RAS), rejuvenators, etc. (4, 50).  
There are a few notable concerns with using rubber in pavements. Probably the most 
important of them pertain to the elevated temperatures of mixing and compaction. The elevated 
temperatures facilitate the digestion of rubber particles in the asphalt mixture and hence is very 
important to get good performance from the mixture. However, the elevated temperatures that 
activate the rubber also cause compaction issues due to the enhancement of elastic and ductile 
properties of the mixture. Laying asphalt rubber pavements becomes difficult at places where 
construction site is far from the AC plant as drain-down could become an issue over long hauls 
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(51). Rubber is also unsuitable for constructions that require extensive handwork because. Further, 
rubber-modified mixtures are not suitable for laying when the pavement temperature is below 13oC 
(55oF) or during rainy weather (52). Lastly, the manufacturing cost of rubber-modified asphalt is 
often more than conventional HMA mixtures costs (43); generally priced to compete with more 
traditional polymer-modified asphalt mixtures. However, the extended life and superior 
performance of GTR mixtures can more than offset  the additional initial costs (53), much like 
polymer-modified mixtures.  New dry-process GTR systems, such as the ECR product studied 
herein, are less expensive than wet or terminally blended GTR systems and provide opportunities 
for ‘downstream’ producers, such as hot-mix asphalt contractors, to be more directly involved in 




CHAPTER 3: PROJECT DESCRIPTION 
The Illinois Tollway constructed test sections for three rubber asphalt modifier 
technologies on the Reagan Memorial Tollway (I-88) in April 2016. Two of the three rubber 
modifiers- Elastiko ECR and Evoflex RMA - are new to the market and needed to be characterized 
in the laboratory. The third modifier – Seneca’s GTR has been used extensively across Illinois. A 
brief product profile for each product used in this project is in the following paragraphs of this 
section. 
Elastiko 100 Engineered Crumb Rubber (ECR) – It is manufactured by the Asphalt 
Plus, LLC. As the name suggests, it is an engineered crumb rubber designed to be incorporated in 
asphalt mixtures through the RAP collar. It is added to the asphalt mixture as a recycled aggregate 
and activated through the elevated mixing temperatures. This product is currently being used in 
nine states in the US. The main economic benefit of this product is that there is no requirement of 
any expensive addition to existing equipment in mixing plants. Further, the material costs for this 
product are less than the terminally-blended GTR. Quality control using this product is easier as 
the metered flow can be easily monitored. Unlike the terminally-blended GTR, no holding tank or 
silo is required for ECR. 
Evoflex Rubber Modified Asphalt (RMA) – It is manufactured by Ingevity. The RMA 
product is a combination of SBS and GTR treated chemically, packed in a standard-sized pellet 
designed to be dropped in a conventional SBS high shear process. Unlike ECR, this product is 
terminally blended with asphalt binder and hauled to the HMA plant. The chief advantage of this 
product is the capability of being engineered/modified according to the requirements of the project. 
Further, since most of the HMA plant already have the ability for high-shear blending of SBS 
pellets in binder, no additional equipment is required to be bought.  
Seneca’s Ground Tire Rubber (GTR) – This project used Seneca’s terminally blended 
GTR, which has been used successfully in Illinois since 2005. Over 10 million tons of hot mix and 
warm mix asphalt has been blended with Seneca’s GTR and been placed all over Illinois. This 
product is tried and tested in terms of field performance and has proven to be very cost-effective. 
Seneca’s GTR has a certifiable quality control and performance grading. The plants neither require 
any specialized equipment nor any changes in the operating procedures. The existing blending 
system ensures binder homogeneity with Seneca GTR. 
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Apart from estimating the performance characteristics of the new rubber modifier 
technologies, the study also aimed to examine the effect of softer virgin binder and an increased 
amount of reclaimed asphalt on mix performance. Accordingly, the GTR technologies were 
incorporated into Illinois Tollway’s approved Stone Matrix Asphalt (SMA) Surface Friction Warm 
Mix Asphalt designs using a base binder (PG 58-28), a softer binder (PG 46-34), and a third design 
where the softer binder was combined with an increased asphalt binder replacement (ABR) 
percentage (PG 46-34 with high ABR). The mixture matrix is shown in Table 1. 
 
Table 1. Asphalt mixture matrix placed on Reagan Memorial Tollway (I-88) 
 
 
All the blends used CM14 Quartzite, CM16 Steel Slag, recycled asphalt shingles (RAS), 
and fractionalized recycled asphalt pavement (FRAP). Fig. 5 shows the aggregate gradations and 
other details such as the location of procurement for the non-high-recycle mixtures. Fig. 6 does 
the same for the high-recycle mixtures. For the non-high-recycle mixtures, the base mix design 
remained the same except the source and grade of binder and the type of rubber modification. The 
blends were designed for 3.5% air voids, which is the standard specification for Tollways. The 
design air voids were checked in STATE Testing laboratory, and no blend adjustments were 
required due to the recycled content in the mixtures. For the high-recycle mixes, the ABR % was 
increased from 33.8% to 47.0% by adding extra RAS into the mixes. The recycled content was 
found to contribute 2.07% of binder by weight of the asphalt mixture for non-high-recycle mix 
and 2.82% for the mixtures with high recycled content. The addition of more recycled content 
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warranted adjustments in the mixture blends, and thus new mix designs were developed for the 
high-recycle mixes. 
 




Figure 6. Aggregate gradation for high-recycle asphalt mixtures 
After preparation of mixes in the plant, STATE Testing was contracted by Illinois Tollway 
to prepare 130mm gyratories and field cores for testing. In total, the team at UIUC received 12 
field cores of 150 mm diameter from each of the test sections for the nine mixes. The location of 
the cores is shown in Table 2. Additionally, a minimum of 12 gyratory-compacted specimens for 
each mix was also received by UIUC team. Furthermore, loose mix, binders, and aggregates were 
sampled for future works.  
 





Mile Post   
End
PG 58-28 Base 
Asphalt Liquid
PG 46-34 Base 
Asphalt Liquid
PG 46-34 Base Asphalt 




65.2 66.0 65.2-65.5 65.5-65.8 65.8-66.0
Elastiko 100
EB Inside Lane 
(Lane 1)
60.1 61.3 60.1-60.5 60.5-60.9 60.9-61.3
Seneca GTR
EB Inside Lane 
(Lane 1)
64.4 66.2* 64.4-64.7 65.5-65.9 65.9-66.2
Individual Test Section Mile Post DelineationsModifier Mile Post Limits
* No GTR asphalt placed between Mile Posts 64.7 and 65.5
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CHAPTER 4: EXPERIMENTAL METHODOLOGY 
The project was divided into a couple of phases. In Phase-I, primarily the low temperature 
cracking performance of asphalt mixtures was assessed through conducting the Disk-Shaped 
Compact Tension Test (DC(T)) and Acoustic Emission (AE) testing. The DC(T) and AE tests were 
performed on both field cores and plant-compacted gyratories. For DC(T), the specimens were 
tested at two different temperatures, -12oC and at -18oC, for a better scope on the temperature 
susceptibility of the mixes regarding fracture energy. Hamburg Wheel Track Testing results were 
provided by STATE Testing laboratory and have been used in this report. Phase-II of the project 
comprised of creep testing using DC(T) machine and modeling the collected data in Illi-TC. Creep 
tests were also performed on all plant-compacted asphalt mixture gyratories at 0oC, -12oC, and -
24oC. The following sections describe each test procedure in detail. 
 




4.1. Disk-Shaped Compact Tension Test (DC(T)) 
The DC(T) test was developed to characterize the fracture behavior of asphalt concrete 
materials at low temperatures. The testing temperature is 10oC warmer than the PG low-
temperature grade of the mixture, per ASTM D7313-13 (54). The advantages of this test include 
easy sample configuration- both from plant/lab-compacted gyratories and from the field cores, and 
its standard fracture test configuration. Thermal cracking in asphalt pavements can be considered 
as Mode I fracture, as the cracks propagate perpendicular to the direction of the thermal-induced 
stresses in the pavement. For Mode I cracking, Wagoner et al. (2005) determined a geometry for 
the asphalt concrete (AC) specimen using ASTM E399 as a starting point and the results obtained 
with this specimen geometry were very repeatable. The test has the capability of capturing the 
transition of the brittle behavior of the mix at low temperatures and the ductile behaviors at high 
temperatures (55).  
The DC(T) test procedure includes conditioning of the fabricated specimen at the test 
temperature in a temperature-controlled chamber for two hours. After the conditioning, the 
specimens are set according to the loading fixture in DC(T) machine, shown in Fig. 8. The test is 
done at a constant Crack Mouth Opening Displacement (CMOD) rate which is measured by the 
clip-on gages at the crack mouth. The CMOD rate specified in ASTM D7313-13 is 0.017 mm/s 
(1mm/min). At the test temperature, a seating load no greater than 0.2 kN (typically about 0.1 kN) 
is applied before starting the test. The test is completed when the post-peak load level has reduced 
to 0.1 kN. The fracture energy can be obtained by measuring the area under the graph of Load-
fitted CMOD and normalizing it by the fracture area, as shown in equation (1) and (2). A typical 
Load-fitted CMOD curve is shown in Fig. 9.  








where 𝐴 is the area under the Load-CMOD curve, 𝑃(𝛿) is the load CMOD value of 𝛿, 𝛿𝑚𝑎𝑥 is 
the maximum CMOD value, 𝐺𝑓 is the DC(T) fracture energy, b is the fracture area width and L 




Figure 8. Loading fixture for Disk-Shaped Compact Tension (DC(T)) test 
 
Figure 9. Typical load-CMOD curve from DC(T) testing of asphalt mixtures 
 
The DC(T) fracture energy test has shown the ability to differentiate between varying 
amount of recycled content and between different additives in the past. Behnia et al. (56) showed 





found similar results for RAS as well and further reported an increase in DC(T) fracture energy 
with the use of a softer binder or a polymer-modified binder (12). Hill et al. used DC(T) fracture 
energy test to differentiate between various WMA additives (57). Zegeye et al. used DC(T) fracture 
energy test to compare the low-temperature fracture properties of Polyphosphoric Acid (PPA) 
modified asphalt mixtures (58). Braham et al. found that DC(T) fracture energies are also affected 
by aging levels (59).  
The research team at UIUC conducted DC(T) tests on plant-compacted gyratories as well 
as field cores from the nine different mixes. The DC(T) test temperature recommended for Illinois 
is -12oC because PG64-22 is commonly used in Illinois and the ASTM specifications state that 
DC(T) testing should be done 10oC warmer than the binder grade of the mix. As mentioned earlier, 
UIUC team conducted the test at -12oC and -18oC for a better scope of temperature susceptibility 
of the mixes. A threshold of 690 J/m2 was set for the fracture energy of the mix to be used in a 
high-traffic volume road, in accordance to what was suggested by Marasteanu, et al. (2007) in the 
National Pooled Study on Low-Temperature Cracking Phase-II (60). 
It is important to mention here that a correction factor was used in the calculation of the 
DC(T) fracture energy for some specimens to compensate for the deviation from the dimension 
specification of ASTM D7313-13. Fig. 10 shows the dimension of the DC(T) specimen according 
to ASTM D7313 and Fig. 11 shows a plant-produced specimen fabricated at UIUC.  
A correction factor was calculated based on the fact that the CMOD rate is constant in the 
DC(T) test. A smaller notch would essentially prompt the loading assembly to ramp up the load to 
maintain the CMOD opening rate. But after a certain point post-peak, the correction factor should 
trend towards unity. The mathematics related to the development of this correction factor is fairly 






Figure 10. DC(T) specimen dimensions (ASTM D7313-13) 
 
Figure 11. Fabricated DC(T) specimen from the plant-compacted gyratory sample 
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4.2. DC(T) Creep Test 
The creep compliance of asphalt mixtures, when combined with the fracture energy values, 
complete the basic parametric requirements to study thermal cracking effectively. An asphalt 
mixture’s resistance to cracking not only depends on its fracture energy, but also on its ability to 
relax the built-in thermal stresses.  
Traditionally, creep compliance of asphalt mixtures is measured by indirect tensile (IDT) 
creep test that is described in AASHTO T 322 standard (61). The IDT creep test was developed 
by Roque and Buttlar (1992) in the early 1990s as part of SHRP A-357 project at Penn. State 
University (62). The test utilizes a cylindrical sample of 150 mm diameter and 50 mm height. The 
sample is loaded vertically along the diameter of the specimen. Extensometers are attached to each 
flat face of the specimen at roughly its center that measures the horizontal and vertical strains in 
the specimen due to the vertical load. The load level is adjusted such that the response of the 
specimen falls within the linear viscoelastic range.  
Kebede (2012) proposed a new method that combined creep testing with the DC(T) fracture 
energy test. The author conducted creep tests with DC(T) specimen geometry; each specimen 
mounted only with a horizontal extensometer. After the creep tests at static loads had been done, 
the specimen was put through usual DC(T) fracture energy test. Since creep testing operates within 
the linear viscoelastic range of stresses and strains, the specimen undergoing creep tests are 
expected to recover fully before the fracture energy test is started. Kebede performed 2-D elastic 
simulations of the DC(T) creep test to select the location of the horizontal extensometer and to 
evaluate the possibility of formation of micro-cracks during the creep test, which would 
presumably affect the fracture energy results (63). 
Encouraged by favorable results from the above study, a DC(T) creep test measuring 
horizontal displacements with the Crack Mouth Opening Displacement (CMOD) measurement 
instead of an extensometer was developed as a part of this project. The main aim of developing 
this test is to reduce the time, effort, and cost to obtain creep test results in future studies. Kebede 
pointed out that DC(T) creep with CMOD reduced the time taken for the test in almost half in 
comparison to IDT creep test. In addition, the new test with CMOD measurements requires no 
fabrication to attach an extensometer and no add-ons to the DC(T) machine to obtain horizontal 
strain data. In his thesis, Kebede showed through simulations that the location of the extensometer 
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should be 10 mm away from the notch tip because the stress distributions were uniform at that part 
of the sample. However, it can be argued that appropriate correction factors can compensate for 
the horizontal displacement measurement at the crack mouth opening. Presently, an attempt has 
been made to compute creep compliance by using only the CMOD clip gauge to measure the 
horizontal displacement. 
4.3. Hamburg Wheel Tracking Test 
The Hamburg Wheel Tracking Device was originally developed in Hamburg, Germany, in 
the mid-1970s. It has been extensively used in North America as a mixture evaluation tool. 
Hamburg Wheel Tracking test indicates both- rutting susceptibility and the moisture sensitivity of 
the mix. It does so by simulating the traffic load conditions on the cylindrical specimens of the 
mix. Hamburg testing is conducted at 50oC with the specimens immersed under a water-bath, as 
specified by AASHTO T-324. A loaded steel wheel, weighing approximately 71.7 kg tracks over 
the samples in the heated water bath (Fig. 12). The deformation of the specimen is observed against 
the number of passes.  
This test was first adopted by Texas DOT and has gradually become a mix-passing criterion 
test in many states including Illinois. IDOT has set a maximum allowable depth of 0.5 in. (12.5mm) 
with the minimum number of wheel passes being 5,000 for PG58-xx binder grade, 7,500 for PG64-
xx, 15,000 for PG70-xx, and 20,000 for PG76-xx (64). Tollway specifications require a rut depth 
of less than 6.0mm at 20,000 passes for SMA mixes. This test was completed by S.T.A.T.E 
Testing, and the results are reported herein. 
The Hamburg test has also been used by researchers to characterize different types of 
mixtures. Hill et al. used Hamburg test to evaluate asphalt mixtures modified with WMA additives 
and containing recycled content. The authors found an increase in rutting resistance with an 
increase in RAP content and further, the Hamburg test also showed sensitivity to the WMA 
additives (57). Izzo et al. showed a comparison of rut depth trends of asphalt mixtures modified 
with hydrated lime and liquid anti-stripping agents to the conventional HMA mixtures(65). 
Finally, Solaimanian et al. showed the effect of different aggregates on rut and moisture resistance 





Figure 12. Hamburg wheel tracking device a) test running b) after test      
4.4. Acoustic Emission Test 
Acoustic emission (AE) testing is a Non-Destructive Test (NDT) to characterize mixes on 
the basis of thermal cracking resistance (56, 67, 68). When an asphalt mix specimen is subjected 
to low temperatures, the mix transitions from a brittle-ductile state to a quasi-brittle state. This 
lowers the fracture resistance of the mix and allows rapid formation of cracks within the mix 
structure. The formation of cracks and their subsequent crack growth through the structure releases 
strain energy in the form of transient stress waves, i.e. acoustic emissions (AE events), which can 
be detected within short ranges using AE piezoelectric sensors. The AE test method ‘listens’ to 
these emission events. Fig. 13 describes the AE concept (68, 69). The data is used to extract the 
embrittlement temperature information of the mix. A typical plot from the AE test has been shown 
in Fig. 14. The temperature corresponding to the first peak energy level event (above a prescribed 
threshold) is defined as the Embrittlement Temperature. One of the main advantages of AE testing 
is that it does not require any additional specimen fabrication; it can use the two broken halves of 
the DC(T) specimen.  
The only caveat in using the tested DC(T) specimen is that the specimen could have been 
subjected to the embrittlement temperature while fracture testing. However, given that the DC(T) 
testing was performed at -12oC and -18oC, and the binders used in the mixes had Performance 
Grade Low Temperature (PGLT) much lower than -18oC, it is safe to assume that DC(T) 





Figure 13. Working concept of Acoustic Emission (AE) method (69) 
 
Figure 14. Typical AE plot (69) 
 
4.5. Performance-Space Diagram 
Buttlar et al. (2016) used the DC(T) and Hamburg results to develop a graphical tool that 
gives a holistic idea of the overall performance of the mix (12).  Hamburg results are plotted on a 
reverse Y-axis arithmetic scale, while the DC(T) results are plotted on a standard arithmetic X-





a good rutting resistance, but poor fracture energy, a lower-left section wherein the mix will be 
failing in both rutting and fracture criteria, a lower-right section wherein the mix will have good 
fracture energy but poor rutting resistance, and an upper-right section wherein the mix will have 
good rutting resistance as well as good fracture energy. This is illustrated in Fig. 15. An ideal mix 
would lie in the upper-right corner of the performance-space diagram, which is especially critical 
for SMA mixtures. 
 
Figure 15. Performance-Space diagram plot concept (12) 
 
Buttlar et al. plotted various DC(T)-Hamburg results on the Performance-Space diagram 
and showed that polymer-modification of asphalt binders led to a shift to the upper-right corner of 
the diagram; the use of RAP/RAS resulted in an upper-left direction; the use of softer binder leads 
to a shift in down-right direction. The authors also showed an upper-right shift in the plot with the 
usage of limestone instead of dolomite, indicating the benefit of the hardness imparted by 
limestone to asphalt mixture (12). 
4.6. Illi-TC Modeling 
Illi-TC is a thermal cracking simulation tool developed by Dr. Eshan Dave, as part of Dr. 
Buttlar’s research group. The tool implements a viscoelastic finite element model with a 2D, 
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cohesive zone fracture modeling approach.  The model takes into account various parameters 
indicating the strength, relaxation, climatic, and mixture properties. The present version of Illi-TC 
has built-in sets of temperature profiles from different locations. The user needs to input the 
thickness of the asphalt layer, its fracture energy, and the IDT tensile strength. The IDT tensile 
strength can also be computed from DC(T) peak load information. Further, the user has to input 
either both - Void in Mineral Aggregate (VMA) and aggregate CTEC (Coefficient of Thermal 
Expansion/Contraction) to calculate the mixture CTEC or one can directly input the mixture 
CTEC, if available. Most importantly, the user must to input the 100 sec. or the 1000 sec. creep 
test data at high, intermediate and low temperatures (Fig. 16). The tool fits the creep compliance 
data with a Prony series model to characterize the mixture creep behavior in the form required by 
Illi-TC. A simplified 1D analysis is done by the preanalyzer module in the tool to identify the 
critical cooling events to minimize the time for FE analysis. The critical cooling events are 
identified as those events of thermal stresses that will exceed 80% of the tensile strength of the 
asphalt mixture. The program then performs a detailed FE analysis on the critical cooling events 







Figure 16. Illi-TC data input (23) 
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CHAPTER 5: RESULTS AND DISCUSSION 
5.1. DC(T) Fracture Test Results 
Fracture energy values of the nine mixes at -12oC and at -18oC for both field cores and 
gyratories were calculated. Three replicates of each mix were tested. Table 3 shows the summary 
of the results obtained at UIUC.  
Table 3. Summary of DC(T) fracture energy results 
 


















GTR PG58-28 1466 25% 895 15% 785 11% 664 6% 
GTR PG46-34 2395 21% 1554 14% 2073 19% 1160 23% 
GTR PG46-34 High 
ABR 
1130 15% 1085 16% 1245 19% 865 2% 
Elastiko PG58-28 901 9% 903 11% 785 10% 673 9% 
Elastiko PG46-34 1108 3% 926 16% 980 19% 862 26% 
Elastiko PG46-34 High 
ABR 
903 19% 691 4% 905 17% 847 22% 
Evoflex PG58-28 885 23% 771 25% 738 6% 803 21% 
Evoflex PG46-34 944 16% 708 19% 1001 10% 906 17% 
Evoflex PG46-34 High 
ABR 
688 7% 842 18% 779 16% 700 18% 
 
The UIUC research team determined that for the plant-produced gyratories, all the 
specimens pass the recommended criteria of 690 J/m2 for high-traffic volume road except Evoflex 
PG46-34 with high ABR, whose value, 688 J/m2, is certainly within the margin of experimental 
error (Fig. 17). Obviously, all nine mixtures easily met the recently suggested 550 J/m2 minimum.  
Fig. 17 shows the fracture energy of the mixes grouped as listed in the mixture matrix given in 
Table 1 for -12oC and -18oC. For -12oC, replacement with a softer binder in the mix bumps the 
fracture energy, and further addition of higher recycled asphalt in softer binder causes a drop in 
the fracture energy back to the approximate original test values for the first mix in each test group 
(the one containing PG XX-28 and lower ABR). It is interesting to note that for Elastiko system, 
the addition of high recycled asphalt in softer binder causes the mix to behave like the mix with a 
base binder regarding fracture energy.  
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All the mixes, except two, show a decrease in the fracture energy at -18oC. The two 
exceptions are Elastiko PG58-28 mix wherein the difference in the fracture energies at the two 
temperatures is very marginal, and Evoflex PG46-34 with high ABR wherein the difference is 
large. In general, the effect of high recycled asphalt on samples tested at -18oC is similar to the 
trend seen at -12oC; replacement with softer binder increases fracture energy and addition of 
recycled asphalt in softer binder brings the fracture energy back down to the range of the PG XX-
28 mixtures with lower recycling. However, the Evoflex system did not follow this trend at -18C 
in the case of the plant-produced specimens.  
 
 




Figure 18. Fracture energies for field cores 
 
Fig. 18 shows the fracture energy results obtained from the field cores at the two test 
temperatures. This trend also shows a bump in fracture energy with the addition of the softer 
binder, followed by a decrease in the value when the mix has a softer binder but also higher ABR 
for all the mix systems. All field cores pass the stringent criteria of 690 J/m2 fracture energy at -
12oC indicating a high resistance to built-in thermal stresses. At -18oC, all the field cores are within 
5% of the 690 J/m2 criteria. The DC(T) results also point to the possibility of using high recycled 
asphalt content with these mix designs in conjunction with a softer binder without compromising 





Figure 19. Effect of additives on fracture energy for particular binders 
 
Fig.19 shows the effect of the additives by grouping the fracture energies with respect to 
different binder types. At -12oC, GTR mixes have the highest fracture energy for all the binder 
types indicating higher potential in resisting low-temperature cracks. In the other two systems, 
Elastiko has better fracture energy in all cases except one, where the difference is not very high. 
For -18oC, it is difficult to gauge which system would have better performance regarding fracture 





Figure 20. Comparison of fracture energies for field cores and plant-compacted gyratories for -
12oC 
 
Fig.20 shows the comparison of the fracture energy for field cores and the gyratories for 
the nine mixes, both tested at -12oC. All the mixes are fairly in proximity of each other except the 
GTR system with base binder. This could be a result of various factors related to the field like 
varying level of compaction, different binder content in the field mix, mix gradation, etc. Fig. 21 
shows the comparison of the fracture energies for field cores and gyratories at -18oC wherein the 






Figure 21. Comparison of fracture energies for field cores and plant-compacted gyratories for -
18oC 
 
5.2. DC(T) Creep Test Results 
The DC(T) creep tests were carried out at 0oC, -24oC, and -12oC, in that particular order. 
DC(T) fracture tests were done immediately after the -12oC DC(T) creep tests. AASHTO T322 
was followed to decide the DC(T) creep test protocol. All the samples were temperature 
conditioned for 3+1 hours in the DC(T) chamber at the test temperature before starting the test. 
The specimens were then mounted on the loading pins, and a seating load of 0.1kN was applied. 
The test runs on a static loading condition and the total load applied is the seating load plus the 
creep load. Once the test is complete, the software outputs the creep compliance values calculated 
using the following formula: 
𝐷(𝑡) =





C = Correction factor 
d(t) = Adjusted CMOD at time t sec., in mm. 
T = thickness of the specimen, in mm. 
P = applied load, in kN 
As shown above, a correction factor is needed to account for the geometric effect of the 
disk-shaped specimen on the creep test results. Therefore, a 2-D elastic DC(T) model was built in 
the commercially available FEM software, ABAQUS, to determine the correction factor of DC(T) 
creep results (shown in Fig. 22). As the material is still within linear stress-strain range in the first 
30 seconds of the creep test, the elastic assumption will be appropriate to take in the model. In this 
way, the correction factor can be predicted based the proportional relationship between the load 
and deflection of the specimen. In the finite element model, the material was assumed to be elastic, 
homogeneous and isotropic, Poisson’s ratio and elastic modulus were assumed to be 0.35 and 1000 
MPa, accordingly, and 1 kN was applied at each side of the loading hole. From thereon, the 
correction factor was calculated to be 0.075. 
 
Figure 22. 2-D elastic model to simulate DC(T) Creep 
 
The creep load was decided to be 0.9 kN for 0oC and 1 kN for -12oC and -24oC. The loads 
were estimated with the goal that the specimens would not undergo any damage due to deformation 
and at the same time they would deform enough for the response to be picked up by the clip gage. 
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Fortunately, the peak loads of the mix types were known before-hand, which helped in roughly 
estimating the creep load. A more robust method of choosing creep load, based on the CMOD 
response in the initial loading period, is being devised through FEM and its validation in ongoing 
work.  In retrospect, we found that our load levels were too high, leading to some localized damage 
that would be expected to produce a modest over-prediction of creep compliance levels. 
The six-parameter Voigt-Kelvin model was used to fit the master curves plotted using the 
time-temperature superposition principle with the reference temperature of 24oC. The creep 
compliance curves for the mixes are shown in Fig. 23-25. As shown in the figures, the creep 
compliance curves are smooth, and the trends are as expected. In all three types of products, the 
softer binder system (PG 46-34) has higher creep compliance values. The effects of high ABR 
content can be clearly seen in the creep compliance curves. The addition of more recycled content 
leads to a stiffer mix and consequently the creep compliance curve shifts downwards. Power-Law 
model was also used to fit the master curves, and the m-values were calculated for the mixes. The 
values are shown in Table 4. 
  
 




Figure 24. Master curve for Elastiko(ECR) mixes (gyratories) 
 
 
Figure 25. Master curve for Evoflex(RMA) mixes (gyratories) 
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GTR 0.430 0.707 0.403 
Elastiko 
(ECR) 
0.445 0.573 0.393 
Evoflex 
(RMA) 
0.384 0.460 0.325 
 
Immediately after performing creep test at -12oC, the specimens were fractured at the same 
temperature. The fracture energy values obtained after creep testing have been shown in Fig. 26 
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Figure 27. (b) DC(T) fracture energy test results without any creep testing for gyratories 
(Test temperature = -12oC)  
 
It can be seen from Fig. 26 that the fracture energy values show familiar trends for all of 
the mixes. However, the fracture energy values are lower when the fracture energy test was done 
after the creep testing. This could be due to the lack of relaxation time between the creep and 
fracture energy testing at -12oC, or because of the relatively high load magnitudes used, leading to 
localized, irreversible damage. The GTR mixes showed the maximum effect of the creep testing 
on their fracture energies. Table 5 shows the damage induced due to creep loads regarding 
percentage by comparing the fracture energies obtained in the two methods of testing. The GTR 
mixes appear to be the most affected by creep testing, likely because they underwent the largest 
creep deformations due to their high compliance (softness). However, the Evoflex (RMA) and 
Elastiko (ECR) mixes do not show as much damage – their fracture energy values after creep 
testing were more comparable to the fracture energy values on specimens without any creep 
testing. One possible reason for this could be that the applied creep load in the test was too high 





































the other two mixes.  This higher deformation level could have been associated with more creep 
damage. 
The present standard test to obtain creep compliance – Indirect Tensile Creep Compliance 
(AASHTO T-322) – limits the horizontal deformation to 0.00125 mm-0.0190 mm for 150 mm 
specimens. If either limit is violated then the standard recommends to stop the test, allow the 
specimen to recover for 5 minutes and restart the test with an adjusted load. In the future, the data 
in Table 5 can be used to come up with a similar load limit or a CMOD limit to prevent the creep 
load from inducing any damage in the specimen during the test. 
 
Table 5. Damage percentages of plant-compacted gyratory mixes based on fracture energy 
calculated with and without creep test 










PG58-22 944 1466 36% 
PG46-34 1439 2395 40% 
PG46-34 High ABR 802 1130 29% 
          
Elastiko (ECR) 
PG58-22 849 901 6% 
PG46-34 862 1108 22% 
PG46-34 High ABR 861 903 5% 
          
Evoflex (RMA) 
PG58-22 775 885 12% 
PG46-34 851 944 10% 
PG46-34 High ABR 670 688 3% 
 
A similar procedure for creep testing was followed for the field cores. However, the creep load 
was changed based on the experience gathered from testing the gyratory samples, and also 
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according to the thickness of the field core DC(T) specimen. Table 6 shows the load levels used 
in all the specimens. In general, 0.7 kN creep load was decided to be used on samples at 0oC, and 
0.8 kN creep load was decided to be used at -12oC and -24oC. The load was linearly decreased 
with respect to decrement in thickness.  
Table 6. Creep load levels for different field core specimens 
GTR 
Binder Specimen # Load at 
0oC 
Load at -12 oC and -24 oC 
PG58-28 3 0.7 0.8 
8 0.7 0.8 
10 0.7 0.8 
PG46-34 13 0.7 0.8 
22 0.7 0.8 
- - - 
PG46-34 
High ABR 
28 0.7 0.8 
33 0.9 0.8 
36 0.7 0.8 
ELASTIKO (ECR) 
Binder Specimen # Load at 
0oC 
Load at -12 oC and -24 oC 
PG58-28 1 0.7 0.8 
3 0.7 0.8 
5 0.7 0.8 
PG46-34 20 0.6 0.8 
23 0.7 0.8 
24 0.7 0.8 
PG46-34 
High ABR 
26 0.7 0.8 
27 0.7 0.8 




Table 6. Creep load levels for different field core specimens (cont.) 
Binder Specimen # Load at 
0oC 
Load at -12 oC and -24 oC 
PG58-28 4 0.5 0.7 
8 0.6 0.8 
9 0.6 0.8 
PG46-34 15 0.6 0.8 
16 0.6 0.8 
21 0.7 0.8 
PG46-34 
High ABR 
27 0.5 0.7 
33 0.6 0.8 
-- 0.6 0.8 
 
The creep compliance master curves are shown in Fig. 27-29. The trends seen were as 
expected and similar to the plant-compacted gyratories. All the mixture systems (GTR, ECR, and 
RMA) showed lower creep compliance with a stiffer binder, higher creep compliance with a softer 
binder, and became stiffer with the addition of recycled material. The only exception to this was 
seen in Elastiko product with a PG58-28 binder. The creep compliance master curves for base 




Figure 28. Creep compliance master curve for GTR field cores 
 
 




Figure 30. Creep compliance master curve for Evoflex (RMA) field cores 
 
The m-values of the field core mixes are shown in Table 7. They offer an insight into the 
relaxation properties of the mixes. The softer binder system shows the highest m-value, as it 
should. It is encouraging to infer from the m-values of the mixes that addition of more recycled 
content does not affect the ability of the mix to relieve stresses drastically.  
 








GTR 0.430 0.590 0.507 
Elastiko 
(ECR) 
0.460 0.517 0.447 
Evoflex 
(RMA) 




The results for DC(T) fracture energy test done after the DC(T) creep testing for the field 
cores are shown in Fig. 30. In general, the fracture energy after creep testing is lower than the 
fracture energy calculated without any creep testing. Table 8 captures this through calculation of 
Damage parameter. The decrease in fracture energy could be attributed to two reasons- a. There 
could be some damage in the specimen during the creep loading and b. Since there is no relaxation 
time between the creep test at -12oC and the fracture energy test at the same temperature, the 
specimen might be behaving stiffer than usual during the fracture test resulting in lower fracture 
energy values. 
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Table 8. Damage percentages of field core mixes based on fracture energy calculated with and 
without creep test 










PG58-22 805 785 -3% 
PG46-34 1074 2073 48% 
PG46-34 High ABR 820 1245 34% 
     
Elastiko (ECR) 
PG58-22 793 785 -1% 
PG46-34 833 980 15% 
PG46-34 High ABR 699 905 23% 
     
Evoflex (RMA) 
PG58-22 630 738 15% 
PG46-34 767 1001 23% 
PG46-34 High ABR 745 779 4% 
 
 
5.3. Hamburg Wheel Tracking Test Results 
The Hamburg Wheel Tracking results provided by S.T.A.T.E. Testing are plotted in Fig. 
31. As seen from the plot, all the mixes show a rut depth less than 12.5 mm at 20,000 passes, 
indicated the excellent rut resistance of all the mixes. The trend in results was as expected, 
replacement with softer binder increased the rut depth, and addition of recycled asphalt caused the 
rut depth to lessen. The GTR46-34 mix showed the highest rut depth in the Hamburg testing. This 
correlates well to the high fracture energy as seen in the previous section. The softer binder makes 
the whole mastic softer, resulting in an elongated post-peak tail in DC(T) fracture energy test and 





Figure 33. Hamburg Wheel Tracking Test 
 
5.4. Acoustic Emission Test Results 
Fig. 32-33 show the plots of embrittlement temperatures for samples extracted from field 
cores and gyratory compacted mixtures, respectively. The field cores have shown cooler 
embrittlement temperatures than the corresponding gyratory samples. In the case of GTR field 
cores, the embrittlement temperatures are very close to their PGLT. The other two mixture types, 
however, show a warmer embrittlement temperature than the PGLT when a softer binder is used. 
There is no general trend to show the effect of high ABR on the embrittlement temperature of the 
mixes for the field cores. For the gyratory samples, the trend is similar to the DC(T) fracture 
energy. The use of softer binder leads to cooler embrittlement temperature, and the addition of 
recycled asphalt leads to a warmer embrittlement temperature. This gravitates more towards the 
expected results as the addition of softer binder increases the ductile part of the mix and should 
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result in cooler embrittlement temperatures. The addition of recycled particles stiffens the mix, 
and hence warmer embrittlement temperatures should be seen. It is difficult to point out one single 
factor that could lead to the dissimilar trends observed in the samples extracted from field cores 
and gyratory compacted mixtures. One of the possible reason could be the difference of 
compaction energy. The replicates tested could have undergone some changes due to field factors, 
such as a change in moisture content, or addition of sand/silt resulting in slight changes in mix 
gradation, or change in binder content. The test results are summarized in Table 9. 
It is important to mention that to obtain some embrittlement temperature values from the 
data, some adjustments were made – in some replicates the energy level observed was low and 
hence the threshold to define the embrittlement temperature regarding energy of an event was 
lowered; in some replicates, the initial events showed spikes in energy which were considered as 
noise and ignored. It was expected that the gyratory specimens would show cooler embrittlement 
temperatures than the field cores based on the fracture energy that was seen in Fig. 20-21. 
However, in the case of the field cores, there were initial energy spikes quite early on the 
temperature scale, and those spikes were strong enough to cross the set threshold for embrittlement 
temperature. The gyratories showed similar behavior, but the energy spikes were sporadic and 
isolated - it was easy to identify them as noise/isolated events and filter them out. One possible 
reason for the early energy spikes (and low embrittlement temperature) could be the presence of 
rubber nodules in the mix that could give out AE waves at a much warmer temperature than the 




Figure 34. Embrittlement temperatures of field cores from AE testing 
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Table 9. AE testing - embrittlement temperatures for mixes 
SMA Surface Friction 
Mixture 
Embrittlement Temperature (oC) 
Field Cores 
Seneca GTR Rep 1 Rep 2 Rep 3 AVG Std. Dev COV 
PG 58-28 +12 GTR -32.8 -24.1 -30.7 -29.2 4.5 15% 
PG 46-34 +12 GTR -37.4 -34.1 -31.0 -34.2 3.2 9% 
PG 46-34 +12 GTR High Recycle -36.5 -26.3 -35.3 -32.7 5.6 17% 
Elastiko 100             
PG 58-28 +10 ECR -32.9 -23.9 -24.2 -27.0 5.1 19% 
PG 46-34 +10 ECR -24.4 -26.9 -24.7 -25.3 1.4 5% 
PG 46-34 +10 ECR High Recycle -25.1 -19.4 -27.0 -23.8 3.9 16% 
Evoflex RMA             
PG 58-28 +10 RMA -22.4 -21.6 -29.2 -24.4 4.1 17% 
PG 46-34 + 10 RMA -23.7 -23.8 -22.2 -23.3 0.9 4% 
PG 46-34 + 10 RMA High Recycle -21.3 -17.7 -22.9 -20.6 2.7 13% 
Gyratories 
Seneca GTR Rep 1 Rep 2 Rep 3 AVG Std. Dev COV 
PG 58-28 +12 GTR -19.4 -15.9 -17.9 -17.7 1.7 10% 
PG 46-34 +12 GTR -24.5 -26.2 -27.3 -26.0 1.4 5% 
PG 46-34 +12 GTR High Recycle -17.8 -20.8 -22.5 -20.4 2.4 12% 
Elastiko 100             
PG 58-28 +10 ECR -14.1 -21.5 -21.2 -19.0 4.2 22% 
PG 46-34 +10 ECR -25.0 -22.7 -22.3 -23.3 1.5 6% 
PG 46-34 +10 ECR High Recycle -18.7 -20.5 -17.1 -18.8 1.7 9% 
Evoflex RMA             
PG 58-28 +10 RMA -19.1 -18.9 -19.2 -19.1 0.2 1% 
PG 46-34 + 10 RMA -25.1 -23.2 -18.8 -22.4 3.2 15% 
PG 46-34 + 10 RMA High Recycle -25.9 -20.5 -18.1 -21.5 4.0 19% 
 
5.5. Performance-Space Diagram Plots 
As seen in Fig.34, all the mixes fall in the upper-right section of the Hamburg-DC(T) plot, 
indicating good fracture energy and rut resistance for the mixes. The Evoflex PG46-34 with high 
ABR mix falls on the borderline of the stringent criteria of 690 J/m2. A softer binder could be used, 
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or less recycled asphalt may be added to increase its fracture energy.  With a 550 J/m2 fracture 
energy threshold, all mixes would fall in the upper-right performance space. 
The arrows in the diagram show the shift of the mix on the plot with the substitution of a 
softer binder and with the move to a higher percentage of recycled asphalt along with the softer 
(PGXX-34) binder. The shift stays within the confines of the right-upper section, indicating that a 
higher amount of RAP/RAS could be utilized if a softer binder is used. This result is consistent 
with what was inferred from the results of fracture energy in Section 4.1. In addition, the alignment 
of the data on a relatively straight line demonstrated once again the great advantage of pairing the 
Hamburg with the DC(T) as bookend performance tests; namely, that mix designers can use this 
relationship to expedite mix design by only running one of the tests during design iterations.  It 
also suggests that the three systems could likely be aligned on the performance-space diagram with 
proper choice of the base (virgin) binder. For instance, the Elastiko product could be shifted either 
to the right (to coincide with the terminal-blend product) or to the left (to coincide with the RMA 
product) with the use of a softer or harder base binder, respectively.  Following previous studies, 
the reason that the products fall on a line is that the mixes have a similar aggregate type, aggregate 
structure and volumetrics. The main variable is the binder (or more correctly, mastic) rheological 
and fracture properties.  This indirectly suggests that the virgin binder-rubber-recycled binder-
polymer (if present) combinations in these mixtures differ, but have a similar contribution to the 
overall mix performance and can likely be shifted around with a choice of base binder (or by use 





Figure 36. Performance-Space Diagram for gyratory specimens 
 
5.6. Illi-TC Modeling Results 
The creep and fracture data for all the mixes were used in the Illi-TC model to predict the 
thermal cracking potential of the mixes in the field. Illi-TC has statewide built-in temperature 
profiles, and it divides those profiles into cold, intermediate, and warm climates. The cold climate 
in Illinois, which is the temperature profile of Elizabeth Illinois, was simulated in the modeling as 
it is the closest location to Chicago. The IDT tensile strength was computed using the DC(T) peak 
load, and the creep test results from three test temperatures were input in the tool. A mixture CTEC 
value of 2.435x10-5 mm/mm/oC was used for all mixes. This value is a typical value used for 
Illinois mixes. Furthermore, the mixes mostly are made up of quartzite aggregates (CM-14), and 
the CTEC values of quartzite aggregates are reported to be 1.08x10-5 mm/mm/oC. Putting in this 
value along with the VMA, the mixture CTEC value is close to the value assumed in all the cases. 
Since the fracture test results after creep had shown some damage to the specimens, the creep test 
values for each mix was run using the fracture energy and peak load values from the DC(T) 
52 
 
Fracture Energy test only (without creep). The least possible thickness was taken during the 
analysis to simulate a worst-case scenario.  
As shown in Table 10 for plant-compacted gyratories and in Table 11 for field cores, all 
the mixtures had no critical events, which indicates that no transverse cracking in the pavement 
surfaces is expected to occur due to thermal stresses. The computed thermal stresses were very 
low in all the cases, which could be due to the high fracture energy and peak load values of all 
mixtures, along with reasonably high creep compliance values due to proper mix design and 
material selection approach.  This demonstrates that the creep and fracture characteristics of all 
nine mixes were in the balance with respect to thermal cracking resistance.  In other words, the 
thermal stresses expected to develop based on the low-temperature mix rheology (creep 
compliance) is well under the fracture threshold of the mixes. 
Table 10. Critical events count from Illi-TC runs for plant-compacted gyratories 
  
  











J/m2 kN MPa # 
GTR 
PG58-28 1466 3.5 5.1 0 
PG46-34 2395 3.4 4.9 0 
PG46-34 High 
ABR 
1130 4.1 5.9 0 
            
Elastiko(ECR) 
PG58-28 901 3.3 4.8 0 
PG46-34 1108 3.9 5.7 0 
PG46-34 High 
ABR 
903 3.9 5.7 0 
            
Evoflex(RMA) 
PG58-28 885 3.3 4.8 0 
PG46-34 944 3.7 5.4 0 
PG46-34 High 
ABR 




Table 11. Critical events count from Illi-TC runs for field cores 
  
  











J/m2 kN MPa # 
GTR 
PG58-28 805 3.6 5.2 0 
PG46-34 1074 3.1 4.5 0 
PG46-34 High 
ABR 
820 3.2 4.7 0 
           
Elastiko(ECR) 
PG58-28 793 3.0 4.4 0 
PG46-34 833 3.0 4.4 0 
PG46-34 High 
ABR 
699 3.5 5.1 0 
          
Evoflex(RMA) 
PG58-28 630 3.0 4.4 0 
PG46-34 767 3.3 4.8 0 
PG46-34 High 
ABR 











CHAPTER 6: CONCLUDING REMARKS 
Field cores and plant-produced gyratories for all the rubber modifier technologies were 
tested in the DC(T) machine for ascertaining their fracture energies at two test temperatures, -12oC 
and -18oC. Typically, -12oC is the DC(T) test temperature followed for the Illinois climate. For -
12oC, considering both the field cores and the plant-produced gyratories, only one mixture failed 
to satisfy the stringent criteria of 690 J/m2, recommended by Marasteanu, et al. in their study for 
high-traffic volume roads (70). The mix that fails had a fracture energy value of 688 J/m2, which 
falls within the range of possible experimental error. Further, when DC(T) fracture energy and rut 
depth of the mixtures were plotted in the performance-space diagram, all mixes had a high factor 
of safety in terms of rutting resistance. Thus, a softer binder could be used to bump the fracture 
energy without heavily compromising on the rutting resistance, but the cost-effectiveness of the 
same should be deliberated before changing the design targets for the mix. At -18oC, the fracture 
energies drop from that at -12oC in most of the cases. Only two field cores did not strictly satisfy 
the criteria of 690 J/m2, but were within a 5% of this level.  
The DC(T) results of the mixes with a softer binder and softer binder with high ABR throws 
light on the feasibility of using more recycled asphalt in conjunction with a softer binder. Given 
the importance of the need to focus on sustainability, mixes with a higher percentage of recycled 
material lying on the upper-right section of the performance-space diagram is a very favorable 
result. In addition, the alignment of the data on a relatively straight line demonstrated once again 
the advantage of pairing the Hamburg with the DC(T) as bookend performance tests; namely, that 
mix designers can use this relationship to expedite mix design by only running one of the tests 
during design iterations.  It also suggests that the three systems could likely be aligned on the 
performance-space diagram with proper choice of the base (virgin) binder. 
The acoustic emission (AE) testing partially supported the fracture energy findings with 
regards to the trends seen in the gyratory specimens. The use of softer binder led to colder 
embrittlement temperatures when compared to the base binder, and the addition of recycled 
content to the softer binder led to warmer embrittlement temperatures. The field cores, however, 
did not show similar trends; possibly due to various field factors such as a change in compaction 
energy, moisture content, the addition of sand/silt resulting in changes in mix gradation, or change 
in binder content. AE tests of almost all the specimens showed relatively high energy initial events 
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which could be due to the presence of small rubber nodules in the specimens. Further investigation 
should entail the AE results for a better outcome; one such step towards the same could be AE test 
of the extracted binder. 
A new kind of creep test was conducted using the DC(T) machine instead of the traditional 
IDT test setup to obtain the raw creep compliance data. The creep compliance master curves were 
drawn by fitting the raw data in Voigt-Kelvin model and calculating the appropriate shift factors 
for a reference temperature of -24oC. The master curves were smooth and followed the expected 
trends. The use of softer binder resulted in more compliant mixtures whereas addition of recycled 
material made the mixtures stiffer. DC(T) fracture tests were done on the specimens after the 
completion of creep testing. The fracture energies calculated for the specimens after they 
underwent creep tests at three temperatures were lower than the fracture energy values for the same 
mix systems obtained without any creep testing. Two main testing protocols affecting the fracture 
energy obtained after the creep tests could be- relaxation periods between the creep tests, and the 
creep loadings. As mentioned in previous sections, the creep tests were carried in the following 
order: 0oC, -24oC, and -12oC.  
Following the -12oC creep test, DC(T) fracture test was conducted, without any relaxation 
period in between. This was done to expedite the testing procedure to obtain creep compliance 
master curves and fracture energy results as soon as possible. Since creep testing at low load levels 
is generally viewed as non-damaging test, it was hypothesized that the fracture energy should not 
be affected as long as the test temperature remained the same (-12oC). However, it is now deemed 
possible that the creep loads might be slightly higher than required, which could be inducing some 
micro-damage in the specimens.  The damage percentages were calculated, and the GTR mixtures 
with softer binder showed the most accumulated damage for plant-compacted gyratories as well 
as field cores. Currently, research is being undertaken to ascertain the correct load levels for 
different mixtures and an optimum relaxation period between the tests. One of the ways to limit 
damage would be to limit the CMOD of the test in the initial 10 or 20 secs to a certain amount, 
akin the IDT test. Further, efforts are also being made to revamp the testing protocol to optimize 
conditioning, testing, rest periods, and analysis methods.  
Illi-TC modeling showed that all the mixes would be expected to be thermal-crack-free 
throughout their design lives. Overall, the 3 GTR systems and nine mixes investigated look very 
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promising as far as low-temperature cracking and rutting are considered. All the mixtures had 
fracture energy, good creep/relaxation characteristics and zero thermal cracking potential, and 
excellent rutting resistance.  Construction, economic, and environmental factors should be 
evaluated in a future study to characterize further these and other related GTR technologies to aid 




















CHAPTER 7: FUTURE WORK 
This study gives an introductory insight on the two new rubber modifier technologies – 
Elastiko and Evoflex. The main focus of this study is on low-temperature performance of the 
mixtures and their durability in terms of permanent deformation. Further research is recommended 
in order to append the findings of this study: 
a. A wider test suite addressing other distresses such as fatigue failure, binder tests (DSR, 
MSCR, etc.). This would help in complete characterization of the rubber modifiers. 
b. Tests with varying the dosages of Elastiko and Evoflex to ascertain the optimum amount 
for best performance of the mixture. 
c. Validation of the DC(T) Creep test using 3-D simulation. This will help to determine 
whether any damage is actually caused by the creep loads and if it is, then what load 
levels should be used to prevent damage. This could, in turn, help in developing creep 
load-choosing criteria for different mixtures depending on their composition or type. 
d. Further investigation of AE results to test the hypothesis for the high-energy initial peaks. 
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APPENDIX A: POST-CRACKING CORRECTION FACTOR 
Due to the limitation with the block circular saw used in fabricating the specimens, a 
slightly wider edge had to be made. To keep the specimens’ ligament length similar to the standard, 
the notch length was decreased (Fig. 35), while the drilled holes were fabricated according to the 
standard. With this fabrication, the loading pins were closer to the crack tip and consequently the 
Mode-I crack in the specimen appears at a lower CMOD value than the standard specimen giving 
a lower fracture energy value. Thus, a correction factor was needed for the non-standard 
specimens. 
The correction factor devised would be a function of the Crack Mouth Opening 
Displacement and notch length. Further, the correction factor will decrease and eventually die out. 
In this study, a linear function was considered to be representative of the correction factor. The 
maximum correction factor (Cfmax) was assumed to be the ratio of the notch lengths of the 
specimens. Among the boundary conditions, the correction factor would be maximum at the start 
of crack propagation (at δc) and it would be 1 at the end of the crack propagation (at δf) (Fig. 36). 
The function will be constant till the specimen reaches the peak load (at δc) and then it will linearly 
decrease to 1.  
 
Maximum Correction Factor = Cfmax = b/b1, where b>b1; b/b1>1 
Boundary Conditions:  
For CMOD(t) at δc , Cf(t) = Cfmax …………………… (1) 
Figure 37. DC(T) specimens with, a) standard specimen with notch length = b, b) non-
standard specimen  with notch length = b1 
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For CMOD(t) at δf , Cf(t) = 1 …………………… (2) 
 
Figure 38. Typical Load-CMOD curve showing crack propagation stages 
Cf will depend on the relative position of CMOD in the Load-CMOD curve with respect 
to δc and δf. Using the boundary conditions and other constitutive inferences, the following 





















Fig. 36 shows the typical correction factor function used to correct the fracture energy 
obtained from the non-standard specimen. Fig. 37 shows the change in the fracture energy before 



























Figure 39. General correction factor function 
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